Whether CNS glial cells play an important role in the regulation of complex behaviors has been a longstanding question. In this issue of Neuron, Suh and Jackson demonstrate a circadian rhythmicity in glial expression of ebony, an N-b-alanyl-biogenic amine synthase, and show that Ebony activity in glia is essential for the proper regulation of Drosophila circadian behavior.
The day/night cycle is accompanied by profound ecological and physical variations in the environment, such as light intensity, temperature, and the presence or absence of predators and prey. Circadian clocks give an innate sense of time to most organisms, so that they can physiologically and behaviorally cope with these daily changes. In Drosophila, the molecular pacemaker generating circadian rhythms is a transcriptional feedback loop in which the Period (PER) and Timeless (TIM) proteins inhibit their own gene transcription (Hardin, 2006) . They do so by repressing a dimeric transactivator comprised of Clock (CLK) and Cycle (CYC) that positively regulates per and tim expression. A subtle balance between the activity of a set of kinases and phosphatases precisely times the subcellular localization, stability, and activity of PER, TIM, and CLK (Hardin, 2006) .
In Drosophila and mammals, many organs express circadian clock proteins to regulate specific physiological processes. Brain clocks are particularly important because they determine when animals rest or are active. The ventral lateral neurons (LN v s) play a crucial pacemaker role in Drosophila. They synchronize the other circadian neurons of the fly brain and actively participate in the control of locomotor activity, especially before dawn (Grima et al., 2004; Renn et al., 1999; Stoleru et al., 2004 Stoleru et al., , 2005 . The neuropeptide PDF, secreted by the LN v s, is essential for these functions (Renn et al., 1999) . Other groups of brain neurons (termed LN d s and DN1s) participate primarily in the control of dusk activity (Grima et al., 2004; Stoleru et al., 2004 ).
However, neurons are not the only cells of the Drosophila brain with circadian rhythms. It has been appreciated for almost two decades that glial cells also rhythmically express PER (Siwicki et al., 1988) . Even more intriguing, Ewer and colleagues obtained evidence that (weak) rhythmic behavior can be observed when PER expression is restricted to brain glia (Ewer et al., 1992 Suh and Jackson (2007) explore the role of the ebony gene in driving the normal cycle of circadian locomotor behavior. The ebony gene encodes a protein with N-b-alanyl-biogenic amine synthase activity: purified Ebony can conjugate b-alanine to a number of biogenic amines, including the important neuromodulatory factors dopamine and serotonin (Hovemann et al., 1998; Richardt et al., 2003) . Previous work had shown that ebony mutants have significant defects in circadian locomotor behavior (Newby and Jackson, 1991) and that ebony mRNA expression exhibits circadian rhythmicity in the Drosophila head (Claridge-Chang et al., 2001; Ueda et al., 2002) , but precisely how or where Ebony modulates circadian behaviors had not been explored. Interestingly, the authors found that Ebony protein appears to be exclusively localized to glia in the adult brain, consistent with a previous study of Ebony localization in the Drosophila visual system (Richardt et al., 2002) . Glial expression of Ebony undergoes dramatic changes over the course of the day and Ebony levels cycle in step with locomotor activity, with Ebony levels being highest during the day and lowest during the night. Such diurnal changes in Ebony levels were found in all regions of the brain examined and appear to be regulated by a PER/ TIM-dependent clock because diurnal changes in Ebony levels were found to be ablated in a timeless null mutant background. How is Ebony cycling regulated? The neuropeptide PDF does not appear to be required to synchronize glial cell rhythms, suggesting that glial rhythms might be cell (or at least tissue) autonomous. This is supported by the aforementioned study showing that even when glia are the only brain cells with circadian function (i.e., PER expression), self-sustained behavioral rhythms in activity can be observed (Ewer et al., 1992) .
Is Ebony acting autonomously in glia to regulate circadian locomotor behavior? This appears to be the case because expression of an ebony cDNA specifically in glia was found to be sufficient to rescue ebony mutant defects in locomotor activity rhythms. Expression of a synthase-dead version of Ebony failed to rescue circadian behavioral defects, indicating that rescue was dependent on N-b-alanyl-biogenic amine synthase activity. Surprisingly though, these rescue experiments also show that cycling Ebony expression is not required for normal circadian behavior, because Ebony was constitutively overexpressed in glia. It is therefore likely that other molecules that function with Ebony in glia to modulate circadian behavior are rhythmically expressed with Ebony in glial cells. Perhaps these might regulate the enzymatic activity of Ebony or affect dopamine transport and metabolism (see below).
In the fly brain, there are specific morphological subtypes of glia including those that associate with neuronal cell bodies that reside outside the neuropil (cell body glia) and those within the neuropil (neuropil glia), the site where axonal and dendritic processes form the neural circuits of the CNS. The above-described experiments addressing the autonomy of Ebony function were performed by expressing Ebony with a driver that is constitutively active in virtually all adult brain glial subtypes, but not in neurons. Therefore, pan-glial expression of an ebony cDNA is sufficient to rescue ebony mutant circadian behavioral defects. However, in wild-type animals, Ebony protein is abundant in the processes of neuropil glia, but not in a significant number of cell body glia or glia in other brain regions. Moreover, Ebony + glial processes in the neuropil appear to be in close proximity to the neurites of both circadian and dopaminergic neurons. Ebony therefore appears to be expressed primarily in neuropil glia, the very subtype that would be predicted to interact with (and perhaps modulate) brain synapses, and in a subset of glia that could be directly modulating neural components of the circadian circuit. In the future it will be exciting to determine whether targeting Ebony expression to these subsets of glia tightly associated with clock neurons is sufficient for rescue of circadian locomotor behaviors.
Because ebony mutants are arrhythmic and Ebony is expressed in proximity to the PDF + LN v s, it would seem plausible that ebony mutants might have defective LN v s. However, these cells are morphologically normal, show robust PER and TIM oscillations, and rhythmically secrete PDF. So if not through modulation of the circadian pacemaker neurons, how does Ebony regulate circadian behavior? As mentioned above, Ebony + glial cells are located in close proximity to dopaminergic neurons. Could Ebony directly modulate dopamine (DA) signaling instead? A Drosophila dopamine transporter (dat) mutant has previously been shown to regulate locomotor activity, sleep, and arousal threshold (Kume et al., 2005) . Interestingly, Suh and Jackson (2007) provide compelling genetic evidence that the ebony and dat gene products interact in behavioral assays: ebony mutations suppress the hyperactivity phenotype normally observed in dat mutants. Because DAT helps in terminating DAmediated synaptic transmission, the authors conclude that Ebony functions as an activator of the DA system. Because Ebony is capable of generating N-b-alanine-dopamine (NBAD) from dopamine, the authors propose that NBAD has a positive biological activity, either on the presynaptic dopaminergic neurons or on the postsynaptic neurons modulated by DA. However, whether NBAD directly acts on dopaminergic (or any other type of synapse) is currently unknown. It should also be noted that genetic interactions between the ebony and dat mutants have not been explored with a circadian assay; this experiment is not possible because the ebony mutant is arrhythmic. Thus, whether the circadian effects of ebony are truly through the modulation of DA synaptic transmission still needs to be demonstrated, particularly because Ebony can conjugate b-alanine not only to DA, but also other neurotransmitters (e.g., serotonin, octopamine, histamine, and tyramine; Richardt et al., 2003) . Nevertheless, direct modulation of dopaminergic signaling by NBAD is a very interesting possibility, and if Suh and Jackson's model proves correct, they will have defined a new ''gliotransmitter'' involved in the modulation of circadian behaviors and perhaps other dopaminergic signaling events.
An alternative model for Ebony modulation of dopaminergic signaling is that during synaptic activity, Ebony + glia clear DA from the synapse, generating NBAD as part of a glial metabolic pathway that recycles DA to presynaptic neurons, and that blocking NBAD production (in ebony mutants) suppresses this recycling event and ultimately blocks sustained dopaminergic signaling. Glia are certainly tightly coupled morphologically and metabolically with synapses in the mammalian CNS, and such a rapid neurotransmitter recycling process through glia has been well described at glutamatergic synapses and is likely to be essential for sustained glutamatergic signaling. Whatever its mechanism of action, it seems likely that increased NBAD or other products of Ebony are produced during the day when Ebony is highly expressed, which in turn increases the locomotor activity of the fly. If these products are neuromodulatory compounds, these glial-derived molecules might then positively modulate the activity of neurons downstream of the LN v s to influence locomotor activity, or alternatively, they might control neurons modulating circadian behavioral outputs through their effects on arousal threshold and sleep. Suh and Jackson (2007) have taken a critical step toward understanding the mechanisms by which glia influence circadian behavior by demonstrating that the glial expression of Ebony is crucial for robust circadian locomotor rhythms. More refined genetic studies will certainly follow to further define the functions of Ebony and glial cells in the generation of circadian behaviors. For example, it would be particularly interesting to alter genetically the pace of the circadian clock in glial cells and determine whether this can affect the period or phase of Drosophila circadian behavior. A positive outcome would show that glia actively and precisely define the timing of locomotor activity. It will also be crucial to determine the role played by glial cells in the mammalian brain pacemaker, the suprachiasmatic nucleus (SCN). Indeed, there is evidence for glial involvement in SCN function and circadian rhythms, and it has recently been shown that astrocytes from cerebral cortex exhibit circadian rhythms, raising the possibility that SCN astrocytes do so too (Prolo et al., 2005 , and references therein).
Suh and Jackson's impressive manuscript represents the first definitive demonstration that a glial-expressed factor can directly modulate behavioral output in animals. Future incisive studies like this one will undoubtedly teach us that glia are tightly integrated into many such complex brain functions.
In the thalamus, bursts and single spikes are elicited by distinct visual stimuli, suggesting distinct visual functions. In this issue of Neuron, Wang et al. make use of intracellular recordings of thalamic neurons in vivo to provide a clear, detailed explanation of how natural stimuli are converted into a neural code that uses both bursts and single spikes.
What we observe is not nature itself, but nature exposed to our method of questioning.
-Werner Heisenberg, 1958 In the course of scientific inquiry, we are often forced to rely on impoverished, indirect observations to laboriously piece together a picture of underlying mechanisms consistent with these observations. Occasionally, we have the great pleasure of peering behind the veil and glimpsing the inner workings at the level below. Visual signals from the retina pass through the thalamus on the way to cortex. In the last few years, substantial support has accumulated for the hypothesis that thalamic bursts play a key role in sensory information processing, especially for natural scenes. In the earliest recordings from the visual thalamus, a distinctive recurring burst pattern of action potentials was noted. On the basis of in vitro experiments, these bursts were later attributed to a specific ionic conductance, the T current or low-threshold calcium current, I t . What makes this interesting is that this current is voltage gated: it is inactivated when cells are depolarized, and deinactivated only after sufficiently deep and prolonged hyperpolarization. Thus, if a thalamic cell is relatively close to threshold, the channel remains inactive, and the cell will relay one sensory input spike by one output spike. If the same thalamic cell is resting further from threshold, a sensory input spike may fail to be relayed at all. But if that cell has been quite hyperpolarized, such that the calcium channel has become active, then a sensory input spike can trigger a large calcium influx resulting in a stereotyped burst of spikes. In this way, sensory information from the retina could be faithfully rendered, blocked, or enhanced, depending on the previous membrane voltage of the relay cell. The thalamus could in theory use this mechanism to integrate sensory and
